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Scavenger receptor class B, type I (SR-BI), aCD36 superfamily
member, is an oligomeric high density lipoprotein (HDL) recep-
tor thatmediates negatively cooperativeHDLbinding and selec-
tive lipid uptake. We identified in the N-terminal trans-
membrane (N-TM) domain of SR-BI a conserved glycine
dimerization motif, G15X2G18X3AX2G25, of which the submotif
G18X3AX2G25 significantly contributes to homodimerization
and lipid uptake activity. SR-BI variants were generated by
mutations (single or multiple Gly 3 Leu substitutions) or by
replacing theN-TMdomainwith those from other CD36 super-
family members containing (croquemort) or lacking (lysosomal
integralmembrane protein (LIMP) II) this glycinemotif (chime-
ras). None of the SR-BI variants exhibited altered surface
expression (based on antibody binding) or HDL binding. How-
ever, the G15L/G18L/G25L triple mutant exhibited reductions
in cell surface homo-oligomerization (>10-fold) and the rate of
selective lipid uptake (�2-fold). Gly18 and Gly25 were necessary
for normal lipid uptake activity of SR-BI and the SR-BI/
croquemort chimera. The lipid uptake activity of the glycine
motif-deficient SR-BI/LIMP II chimera was low but could be
increased by introducing glycines at positions 18 and 25. The
rate of lipid uptake mediated by SR-BI/LIMP II chimeras was
proportional to the extent of receptor oligomerization. Thus,
the glycine dimerization motif G18X3AX2G25 in the N-TM
domain of SR-BI contributes substantially to the homo-oligo-
merization and lipid transport activity of SR-BI but does not
influence the negative cooperativity of HDL binding. Oligomer-
ization-independent binding cooperativity suggests that classic
allostery is not involved and that the negative cooperativity is
probably the consequence of a “lattice effect” (interligand steric
interference accompanying binding to adjacent receptors).

The high density lipoprotein (HDL) receptor SR-BI2 is a cell
surface receptor expressed in the liver and other tissues that

regulates plasma lipoprotein cholesterol levels andmetabolism
(Refs. 1 and 3–6; for a review, see Ref. 2). SR-BI mediates cellu-
lar uptake of cholesteryl esters and other lipids from HDL and
has been proposed to play a key role inmoving cholesterol from
peripheral tissues to the liver and then out of the body (Refs.
7–10; for a review, see Ref. 2). SR-BI influences HDL metabo-
lism in humans (11, 12) in whom the risk of atherosclerotic
disease is inversely or directly proportional to plasma concen-
trations of HDL cholesterol and low density lipoprotein (LDL)
cholesterol, respectively (13–15). Studies in mice have shown
that SR-BI protects against atherosclerosis and coronary heart
disease (Refs. 16–22; for a review, see Ref. 2).
SR-BI is a member of the CD36 superfamily of proteins in

metazoans (�25–30% sequence identities). Members of this
superfamily include lysosomal integral membrane protein
(LIMP) II (23) and croquemort (a Drosophila melanogaster
hemocyte/macrophage receptor for apoptotic cells) (24). Most
CD36 superfamily members share similar membrane topolo-
gies with a large, glycosylated extracellular loop that is an-
chored to the plasma membrane by N- and C-terminal trans-
membrane domains (N-TM and C-TM, respectively),
extensions of each forming short cytoplasmic (cyto) N- and
C-terminal domains (25).
SR-BI homodimers or higher order oligomers have been

observed in cultured cells and tissues (26–31). Sahoo et al. (29)
have concluded from fluorescence resonance energy transfer
studies that in SR-BI oligomers the C-cyto, but possibly not the
N-cyto, domains are in close proximity and that the C-cyto
domain is not required for dimerization. They proposed that
theC-TMdomain or the juxtaposed portion of the extracellular
domain may mediate oligomerization (31). However, there
have been no reports of mutations or chemical treatments of
SR-BI that disrupt oligomerization, and the sequences/struc-
tures of SR-BI responsible for oligomerization have not been
identified.
The concentration dependence of HDL binding to SR-BI

results in nonlinear, concave up Scatchard plots (32). Thus,
SR-BI exhibits either two independent classes of binding sites
(two-site model) or one class of sites exhibiting negative coop-
erativity (one-site plus Hill coefficient model). Dissociation
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kinetics experiments (33–35) indicate that HDL binding is
most parsimoniously described by the model with one class of
negatively cooperative binding sites (32). The mechanism
underlying negative cooperativity is unclear; however, one pos-
sibility is that ligand binding to one monomer in an oligomer
induces allosteric changes in neighboring monomers.
Themechanism by which SR-BI delivers the lipids of HDL to

cells, called selective lipid uptake (1, 36, 37), is fundamentally
different from the classic receptor-mediated endocytosismedi-
ated by LDL receptors (38). After binding HDL, SR-BI selec-
tively transfers the cholesteryl esters of HDL into the cells, and
the lipid-depleted HDL particles subsequently dissociate from
the cells and re-enter the circulation (7). In addition, SR-BI
mediates the bidirectional transfer of unesterified cholesterol
between cells and lipoproteins (3, 39, 40).
Strikingly, although SR-BI and CD36 share significant

sequence similarities throughout their entire extracellular
loops and CD36 can bind HDL tightly, CD36 cannot mediate
efficient selective lipid uptake (41, 42). Analysis of the activities
of chimeras of SR-BI and CD36 established that either the
N-TM domain of SR-BI with the adjacent N-cyto domain
(N-TM/N-cyto), its C-TM/C-cyto domains, or both could be
replaced with those from CD36 without substantial loss of
selective lipid uptake activity. Replacement of these domains in
CD36 with those from SR-BI does not confer efficient selective
uptake activity. Given that there is little sequence similarity in
the N-TM and C-TM domains of SR-BI and CD36 (see
“Results” for additional discussion), it appeared that there were
no specific sequences in the membrane anchors of SR-BI that
were essential for its normal, efficient lipid uptake (41, 42).
The apparent lack of influence on efficient SR-BI-mediated

lipid uptake of specific sequences in its TMdomains was some-
what surprising. There is an expanding body of evidence show-
ing that transmembrane segments of membrane proteins can
direct protein-protein interactions within the membrane (e.g.
oligomerization) and influence the functions of these proteins
(43–52) and that mutations within TM domains of some of
these proteins are involved in diseases (44, 47). Many TM hel-
ices contain glycine (Gly) hetero- and homodimerization
motifs (see “Results” for a detailed description of such motifs),
and these influence the equilibrium between inactive mono-
mers and active dimers (e.g. receptor tyrosine kinases (47, 53))
or active and inactive states (e.g. integrins (51, 52, 54)) and thus
receptor activity.
In the current study, we explored the possible role of the

N-TMdomain of SR-BI in its oligomerization and function.We
identified a glycine dimerization motif in the N-TM domain of
SR-BI that significantly contributes to the homodimerization of
SR-BI. Gly3 Leu substitutions in this motif did not appear to
alter the surface expression of SR-BI nor the binding of HDL to
SR-BI, which involves negative cooperativity. However, these
substitutions dramatically reduced receptor dimerization and
the rate of selective lipid uptake.

EXPERIMENTAL PROCEDURES

Lipoproteins—Human HDL was isolated as eight separate
density fractions using KBr gradient centrifugation from
freshly harvested, EDTA-treated plasma as described previ-

ously (32, 55, 56) (see supplemental materials for additional
details). For the studies reported here, HDL fraction 7 (density,
1.113 g/ml) or an equal volumemixture of either fractions 5 and
6 (mean density, 1.126 g/ml) or fractions 7 and 8 (mean density,
1.107 g/ml) were used for radiolabeling and the binding and
uptake studies. The unlabeled HDL used was a mixture of frac-
tions (density range, 1.155–1.102 g/ml). Protein concentrations
were determined by the method of Lowry et al. (57) (bovine
serum albumin was the standard).
HDLwas labeledwith 125I (125I-HDL) orwith [3H]cholesteryl

oleate ([3H]CE; Perkin Elmer Life Sciences catalogue number
NET746L) ([3H]CE-HDL) as described previously (32, 58, 59).
The specific activitieswere 229–361 cpm/ng of protein for 125I-
HDL and 17–36 cpm/ng of protein for [3H]CE-HDL.
DNA Mutagenesis and Cloning—Site-directed mutagenesis

to generate mutants was performed on murine SR-BI cDNA in
the pcDNA4/TO vector (Novagen) using the QuikChange II
site-directed mutagenesis kit (Stratagene). SR-BI transmem-
brane chimeras (SR-BI/croquemort (SR-BI/croq) and SR-BI/
LIMP II (SR-BI/LIMP)) and rhodopsin (rho)- and myc-tagged
variants were constructed using PCR. The rho (TETSQVAPA)
and/ormyc (EQKLISEEDL) tagswere introduceddirectly at the
3�-ends of wild-type (WT) SR-BI, G15L/G18L/G25L, and SR-
BI/LIMP chimera cDNAs (see supplemental Experimental Pro-
cedures for details).
Cell Culture and Transient Transfection—All cells were

grown and incubated at 37 °C in a humidified 5% CO2, 95% air
incubator. COS M6 cells were grown in Dulbecco’s modified
Eagle’s medium with 50 units/ml penicillin, 50 �g/ml strepto-
mycin, and 2 mM glutamine (medium A) supplemented with
10% fetal bovine serum (medium B) and were transiently trans-
fected with expression vectors for wild-type, mutant, or chime-
ric SR-BI or with the “empty vector” plasmid (pcDNA4/TO)
without a cDNA insert. For transient transfections, cells were
plated in the wells of 24- or 6-well dishes on day 0, transfected
on day 1, and on day 3 were used for co-immunoprecipitation,
chemical cross-linking, receptor activity, or flow cytometry
assays (see supplemental Experimental Procedures for details).
Stably transfected ldlA-7 cells were grown in Ham’s F-12
medium containing 50 units/ml penicillin, 50 �g/ml strepto-
mycin, and 2mMglutamine (mediumC) supplementedwith 5%
fetal bovine serum (medium D) and 250 �g/ml G418 (medium
E). On day 0, 5.0� 104 or 3.0� 105 cells/well were plated in the
wells of 24- or 6-well dishes, respectively, in medium E. On day
2, stably transfected cells were used for chemical cross-linking,
receptor activity, or flow cytometry assays. Untransfected con-
trol ldlA-7 cells were maintained in medium D.
Determination of Cell Surface Receptor Expression by Flow

Cytometry—The levels of cell surface expression of WT and
mutant SR-BIs on intact cells were determined by flow cyto-
metry using the SR-BI-specific polyclonal rabbit antibody
KKB-1 that recognizes epitopes on the extracellular loop of
SR-BI (40) (see supplemental Experimental Procedures for
details). Cell surface receptor expression was used to normalize
the results for receptor activity assays (125I-HDL binding and
[3H]CE-HDL and 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindo-
carbocyanine perchlorate (DiI)-HDL lipid uptake). To do this,
the same populations of cells for the surface expression and
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activity assays were simultaneously plated, and then surface
expression and receptor activity were measured on the same
day. The activities of SR-BI mutants were normalized by mul-
tiplying by the ratio of wild-type to mutant surface expression
determined using the KKB-1 antibody. In all cases, the differ-
ences in cell surface expression between the wild-type and
mutant receptors were less than 10% of the wild-type surface
levels. This normalization, which did not qualitatively influence
any of the findings, was based on the assumption that the
KKB-1 antibody bindswith equal affinity and to the same extent
to the wild-type and variant receptors (mutants/chimeras).
Several observations suggest that this is likely to be the case (see
supplemental Experimental Procedures) and that the normal-
izationwas appropriate. If the variants in theN-TMdomain did
alter KKB-1 binding to the exoplasmic domain of the receptor,
then it is possible that these variantsmight have caused changes
in the absolute amounts of HDL binding. The conclusion that
there was a significant decrease in lipid uptake relative to HDL
binding in variants with defective N-TM glycine dimerization
motifs is independent of any potential alterations in KKB-1
binding to the variants.
Generation of Stably Transfected Cell Lines—Stable cell lines

expressing wild-type murine SR-BI and the triple glycine
(G15L/G18L/G25L) mutant were generated in ldlA-7 cells,
which are LDL receptor-deficient CHO cells (60) that express
very low levels of endogenous SR-BI (1). We have previously
described ldlA[SR-BI] cells that express wild-type murine
SR-BI under the control of a cytomegalovirus promoter (1).We
periodically used flow cytometry and the KKB-1 antibody to
remove from the population cells that spontaneously lose
expression of the transgene. A stable cell line expressing the
triple glycine mutant (G15L/G18L/G25L), called ldlA[G15L/
G18L/G25L], was generated by co-transfection of ldlA-7 cells
with an expression vector encoding the triple mutant and the
pBK-CMVplasmid (G418 resistancemarker, Stratagene; 0.1�g
of DNA) using FuGENE 6 transfection reagent (Roche Applied
Science) according to the manufacturer’s instructions and
selection in medium E as described previously (40). Surface
expression of the mutant SR-BI was detected by flow cyto-
metry as described above. Individual cells with high expres-
sion levels were sorted and grown from single cells into indi-
vidual clones in medium E as described previously (61). One
clone, ldlA[G15L/G18L/G25L], exhibiting surface expression
of the triple mutant form of SR-BI that was similar to ldlA[SR-
BI] was used for the experiments shown. Both ldlA[SR-BI] and
ldlA[G15L/G18L/G25L] cells were maintained in stock culture
in medium E. For additional details, see supplemental Experi-
mental Procedures.
Chemical Cross-linking—Cell surface chemical cross-linking

was performed with bis(sulfosuccinimidyl)suberate (BS3;
Thermo Scientific), a water-soluble, membrane-impermeable
cross-linker that reacts with primary amines. For cross-linking
of rho-tagged SR-BI/LIMP chimeras in transiently transfected
COS cells, on day 0, 6.0 � 105 cells/well were plated in 6-well
dishes in medium B without antibiotics. On day 1, cells were
transfected with a 1:10 mixture of rho-tagged receptor plasmid
DNA:empty vector pcDNA4/TO (4�g of total DNA/well). The
receptor-encoding plasmid was diluted with the empty vector

to reduce total and cell surface receptor expression. For stably
transfected ldlA[SR-BI] and ldlA[G15L/G18L/G25L] cells, on
day 1, 3.0 � 105 cells/well were plated into the wells of 6-well
dishes in medium E. On day 3, transiently or stably transfected
cells were washed twice with PBS-inh (ice-cold PBS supple-
mented with Complete Mini protease inhibitor mixture and
PhosSTOP phosphatase inhibitor mixture (Roche Applied Sci-
ence)) and then incubated for 1 h at 4 °C in 0.5 ml of PBS-inh
containing the indicated concentrations of BS3 (0–1 mM). The
reaction was stopped by adding 0.02ml of 1 M Tris-HCl, pH 7.5
for 15 min. Cells were then quickly washed with ice-cold PBS
and lysed with 0.25 ml of 1% sodium dodecyl sulfate (SDS) in
PBS-inh (cell lysate). Lysate protein content was determined
with the BCA protein assay kit (Thermo Scientific). Cell lysates
(1–10 �g of total protein) were analyzed by 8% SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) and immunoblotting
on PVDF membranes with either anti-rho 1D4 mouse mono-
clonal antibody in the case of transiently transfected cells or
with polyclonal rabbit anti-C terminus SR-BI antibody 495 (1,
10) in the case of stably transfected cells. SR-BI-containing pro-
teins were visualized using horseradish peroxidase (HRP)-con-
jugated anti-mouse or anti-rabbit IgG (Invitrogen), respec-
tively, and the ECL chemiluminescence detection system (GE
Healthcare) and either x-ray film or an Eastman Kodak Co.
Image Station for quantitation of band intensities. The same
filters were also subjected to immunoblotting analysis using a
polyclonal rabbit anti-�-COPantibody (62) as a loading control.
�-COP is a cytoplasmic protein that is a component of themul-
tiprotein COPI complex (62). Under the conditions used here,
treatment of the intact cells with BS3 (0–1 mM) did not induce
cross-linking of �-COP to itself, other COPI components, or
any other proteins (supplemental Fig. S1). This suggests that
the cross-linking mediated by BS3 was restricted to cell surface
proteins exposed to the extracellular space.
Co-immunoprecipitation—COS M6 cells in 6-well dishes

were grown and transfected (4�g of total plasmidDNA/well) as
described above using either the empty vector pcDNA4/TO or
wild-type SR-BI or triple glycine mutant G15L/G18L/G25L
expression vectors encoding receptors in which the C termini
bear either rho or myc epitope tag extensions (see above). Cells
were transfected with either (i) only one of the four pure indi-
vidual expression vectors (SR-BI-rho, SR-BI-myc, G15L/G18L/
G25L-rho, or G15L/G18L/G25L-myc), (ii) 1:1 mixtures of vec-
tors encoding the wild-type SR-BI rho- and myc-tagged
receptors or 1:1 mixtures of the vectors encoding the G15L/
G18L/G25L rho- and myc-tagged receptors, or (iii) the same
mixtures of vectors as in condition ii but dilutedwith the empty
vector either 1:20 (SR-BI-tags) or 1:10 (G15L/G18L/G25L-tags)
to reduce total and cell surface receptor expression. Transfec-
tion with each of the four individual expression plasmids
expressed alone (condition i) resulted in virtually identical lev-
els of surface expression of the encoded proteins measured on
day 3 using flow cytometry and the KKB-1 antibody (�100%
expression). Similar levels of total receptor surface expression
were observed for the undiluted binary mixtures of vectors
(condition ii), whereas the empty vector-dilutedmixed samples
(condition iii) for both the wild-type and triple mutant tagged
receptors resulted in reduced surface expression (�75%).
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The co-immunoprecipitation assay was performed on day 3.
Cells were washed twice with ice-cold Tris-buffered saline
(TBS; 25mMTris-HCl, 0.15 MNaCl, pH 7.2) and lysed with 300
�l of mammalian protein extraction reagent (M-PER; Thermo
Scientific) supplemented with the protease and phosphatase
inhibitormixtures described above. Aliquots of total cell lysates
(10 �g of total protein) were separated by 8% SDS-PAGE; ana-
lyzed by immunoblotting on PVDF membranes with rabbit
polyclonal anti-SR-BI KKB-1 antiserum, mouse monoclonal
anti-myc (Invitrogen), and mouse monoclonal anti-rho 1D4
(ATCC) antibodies together with HRP-conjugated rabbit and
mouse IgG (Invitrogen); and visualized by ECL chemilumines-
cence and either x-ray film or a Kodak Image Station for quan-
titation of band intensities. The expression levels of the wild-
type SR-BI and G15L/G18L/G25L mutant tagged with myc
were essentially identical (see “Results”). The same was ob-
served for the rho-tagged wild-type and G15L/G18L/G25L
mutant receptors. Co-immunoprecipitation was performed
using the Pierce Mammalian c-Myc Tag IP/Co-IP kit (Thermo
Scientific). Co-immunoprecipitation samples in a total volume
of 150 �l were prepared by mixing lysates (150 �g of total cel-
lular protein), 2.5mg/ml BSA, and 7.0 �l of anti-c-myc-agarose
slurry (containing 3.5 �g of anti-c-myc antibody). These sam-
ples were rotated at room temperature for 2 h. The beads were
then washed three times with TBS containing 0.05% Tween 20
and heated at 100 °C for 5 min, and then myc-tagged proteins
were eluted with 25 �l of 2� non-reducing sample buffer (80
mM Tris-HCl, pH 6.8, 4% SDS, 8% glycerol, 0.02% bromphenol
blue) at 100 °C for 5 min. Samples (10 �l) were supplemented
with 2 mM �-mercaptoethanol, size-fractionated by 8% SDS-
PAGE, and transferred to PVDFmembranes, and then the rho-
and myc-tagged proteins in the membranes were visualized
using anti-rho 1D4 or anti-myc mouse monoclonal antibody,
HRP-conjugated mouse IgG, and chemiluminescence detec-
tion. Quantitation of the relative amounts of signal was
determined using a Kodak Image Station chemilumines-
cence instrument.
HDLReceptor Activity Assays—125I-HDLbinding and uptake

of [3H]CE from [3H]CE-HDL or uptake of the fluorescent lipid
DiI from DiI-HDL were determined as described previously (1,
32, 40) using the HDL concentrations indicated in the figure
legends (see supplemental Experimental Procedures for
details). The amounts of cell-associated [3H]cholesteryl oleate
(uptake) are expressed as the equivalent amount of [3H]CE-
HDL protein (ng of lipoprotein protein/mg of cell protein) to
permit direct comparison of the relative amounts of 125I-HDL
binding and [3H]CE uptake (63). The values presented repre-
sent SR-BI-specific binding or specific uptake and were calcu-
lated as the differences between the average of replicates of total
cell-associated binding or uptake minus the average value for
control wells representing nonspecific uptake. For all experi-
ments, total cell-associated binding or uptake values are based
on quadruplicate determinations and nonspecific values from
duplicate determinations made in the presence of a 40-fold
excess of the corresponding unlabeled lipoprotein.

125I-HDL binding and [3H]CE uptake in transiently trans-
fected COS cells were measured at a single HDL concentration
of 10 �g protein/ml without (quadruplicate determinations) or

with (duplicate determinations) a 40-fold excess of unlabeled
HDL. Receptor-specific activity values for transfected COS
cells were defined as the differences between specific binding or
uptake values for the receptor-expressing cells calculated as
described above and control cells transfected with the empty
vector pcDNA4/TO (COS[Control]). Specific activities of
SR-BI mutants were expressed as the percentage of wild-type
SR-BI activity measured in the same experiment. These values
were corrected by the relative levels of surface expression deter-
mined using flow cytometry and the KKB-1 anti-SR-BI anti-
body as described above. All binding and uptake data represent
the mean � S.D. of at least three independent experiments.
Cellular uptake of DiI from DiI-HDL was measured by flow

cytometry in transiently transfectedCOS cells as described pre-
viously (40). Briefly, COS cells were grown in 6-well dishes and
transiently transfected on day 1 with plasmids (4 �g of total
DNA) encoding the indicated receptors as described above. On
day 3, the transfected cells were washed twice with medium A
and incubated in medium A containing 0.5% (w/v) fatty acid-
free BSA and 10 �g protein/ml DiI-HDL for 2 h at 37 °C. Cells
were then washed twice with medium A and incubated with
anti-SR-BI KKB-1 antiserum followed by FITC-conjugated
goat anti-rabbit IgG as described above. Cells transfected with
the empty vector only were used to determine background
staining and to set the receptor-specific surface expression gate
in which mean values of DiI fluorescence intensity were mea-
sured. These values, defined as DiI uptake activity, are
expressed as the percentage of wild-type SR-BI activity (100%)
measured in the same experiment. Values represent mean �
S.D. of at least three independent experiments, whereas the
values from each experiment are the means of duplicate
determinations.
DataAnalysis—Datawere analyzed using the programPrism

5 (GraphPad Software, Inc., SanDiego, CA). Non-linear regres-
sion analysis used the standard equations for a one-site binding
model, a two-site binding model, and a one-site binding model
plus aHill slope (Hill coefficient). For each experiment, all three
models were fit, and standard statistical pairwise comparisons
of the models were made using the software with an extra sum-
of-squares F test. In all cases, either the two-site or one-site plus
Hill slope models were preferred over the simple one-site
model. Statistical analyses comparing HDL binding and lipid
uptake at a single substrate concentration for wild-type SR-BI
and its mutants/chimeras were performed using the unpaired
two-tailed t test at 95% confidence intervals. Statistical analysis
for the comparison between multiple SR-BI mutants/chimeras
was performed with one-way analysis of variance and Tukey
post-test at 95% confidence intervals.

RESULTS

Sequence Alignment of SR-BI and CD36 Reveals Existence of
Conserved Glycine Dimerization Motifs in Their N-terminal
Transmembrane Domains—The activity of SR-BI is not sub-
stantially altered when its N-TM domain is substituted by that
of CD36 (41, 42). We compared the sequences of the 24–28-
residue-long N-TM domains from eight mammalian SR-BIs
with sequences of eight CD36s (Fig. 1). Sixteen positions in
SR-BI and�26 positions in CD36 are highly conserved (shaded
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in Fig. 1 if 7 or 8 of 8 residues are identical). However, only four
residues (Gly18, Ala22, Gly25, and Ile36; SR-BI numbering) are
invariant for both superfamilymembers (rectangles on the con-
sensus sequences in the center of Fig. 1).
These strictly conserved glycine and alanine residues com-

pose sequence motifs (GxxGxxxAxxG or GxxxGxxxAxxGG)
that have been associated with homo- and heterodimerization
of transmembrane helices (43, 44). These include the glyco-
phorin A dimerization motif (GX3G), the glycine zipper
(GX3GX3G), and the glycine heptad (a–g) repeat with Gly in
the a and d positions (e.g. GX2GX3GX2G) (64–67). Substitu-
tion of Gly by Leu in these glycine-based dimerization motifs
introduces a larger apolar residue that is expected to interfere
with helical TM domain associations and thus interfere with
dimerization without perturbing the helical backbone. These
Gly-containing dimerization motifs in SR-BI and CD36may be
capable of driving inter- or intramolecular transmembrane
helix association and of influencing the activity of SR-BI.
Cell Surface Cross-linking of SR-BI and Its G15L/G18L/G25L

Triple Mutant—To investigate the influence of the glycine
dimerization motif on the oligomerization of SR-BI, we gener-
ated a mutant cDNA expression vector that encodes murine
SR-BI in which the glycines at positions 15, 18, and 25 were
converted to leucines (“G15L/G18L/G25L”). A stable cell line
expressing this triple glycine mutant, ldlA[G15L/G18L/G25L],
was generated and compared with ldlA[SR-BI] cells expressing
similar cell surface levels of wild-type SR-BI. Untransfected
ldlA-7 cells are LDL receptor-deficient cells originally isolated
from mutagen-treated CHO cells (60).
We examined the oligomerization of WT SR-BI and the

G15L/G18L/G25L triple mutant by treating intact ldlA[SR-BI]

and ldlA[G15L/G18L/G25L] cells for 60 min at 4 °C with vary-
ing concentrations (0–1 mM) of a water-soluble, membrane-
impermeable, chemical cross-linker, BS3, that reacts with the
exposed primary amines of cell surface proteins (68, 69). The
cells were then lysed, and the lysates were subjected to SDS-
PAGE and immunoblotting with a polyclonal antibody raised
against theC terminus of SR-BI. Fig. 2 shows that in the absence
of the cross-linker both wild-type and mutant SR-BI proteins
appeared as single bands of �82 kDa, corresponding to fully
glycosylated SR-BI monomers (70, 71). In ldlA[SR-BI] cells,
treatment with increasing concentrations of BS3 led to the

FIGURE 1. Conserved glycine dimerization motifs in N-TM domains of mammalian SR-BIs and CD36s. Sequences of the N-cyto, N-TM, and part of the
extracellular (exo) domains of mammalian SR-BI (top) and CD36 (bottom) were aligned manually. Residues conserved in �7 of 8 sequences are shaded.
Consensus sequences for SR-BI and CD36 and glycine motifs are indicated (center) with the residues conserved in all sequences boxed. Symbols are as follows:
“�,” similarity; “�,” aliphatic residue; and “.” or “x,” any residue. The glycine heptad is indicated by “AbcDefgAbcD” where glycine or alanines appear in the A and
D positions.

FIGURE 2. Cell surface cross-linking of SR-BI and its G15L/G18L/G25L tri-
ple mutant. Stably transfected ldlA[SR-BI] and ldlA[G15L/G18L/G25L] cells
expressing the wild-type and triple glycine 3 leucine substitution mutant
receptors, respectively, were treated for 60 min at 4 °C with the indicated
concentrations of the water-soluble, membrane-impermeable chemical
cross-linker BS3. The cells were then lysed, and the lysates were subjected to
SDS-PAGE and immunoblotting with an anti-C terminus SR-BI polyclonal anti-
body as described under “Experimental Procedures.” The intensities of the
bands corresponding to the monomeric (�82-kDa) and oligomeric (�150-
kDa) species (see text) were determined using a Kodak Image Station.
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appearance of high molecular mass (�150-kDa) bands of
increasing intensity that represent SR-BI-containing homo- or
hetero-oligomers. These observations are consistent with pre-
vious studies in cultured cells and tissues (28–31). Quantitative
analysis of the immunoblots using a chemiluminescence image
scanner showed that at 1 mM BS3, the highest concentration
used, the oligomeric forms of WT SR-BI represented �50% of
the total SR-BI protein. Thus, at least 50% (and probably signif-
icantly more) of the SR-BI was potentially cross-linkable. The
precise molecular weights of the oligomers cannot be deter-
mined by immunoblotting because cross-linking can distort the
log-linear relationship of electrophoretic mobility and protein
mass in SDS-PAGE (72).
In contrast to wild-type SR-BI, very little of the triple glycine

mutant in ldlA[G15L/G18L/G25L] cells was converted to oli-
gomers by cross-linking (�5% oligomers at 1 mM BS3) (Fig. 2).
These results suggest that the conserved glycines in the N-TM
domain of SR-BI significantly contribute to the association of
SR-BI with itself and/or other molecules in the plasma mem-
brane because the triple mutation led to a dramatic (�10-fold)
reduction of cross-linked SR-BI.
Co-immunoprecipitation Analysis of Receptor Homo-oligo-

merization—To determine if the SR-BI oligomers detected by
cross-linking are composed, at least in part, of homo-oligomers,
we performed co-immunoprecipitation studies using receptors
fused to myc or rho epitope tags at their C termini (see “Exper-
imental Procedures”). COS cells were transiently transfected
with myc- or rho-tagged wild-type SR-BI-expressing plasmids
individually or simultaneously. Parallel transfections were per-
formed with the vectors encoding the two tagged G15L/G18L/
G25L mutants. Total protein expression levels of the wild-type
SR-BI and the G15L/G18L/G25L mutant were assessed by
immunoblotting of detergent-solubilized whole cell lysates
(“Input”; 10 �g of protein) using monoclonal anti-rho antibody
(“SR-BI-rho”), anti-myc antibody (“SR-BI-myc”; not shown),
and the rabbit polyclonal anti-murine SR-BI antibody KKB-1
(“total SR-BI”) (e.g. see Fig. 3, lower “Input” panels). Cell surface
expression was quantified by flow cytometry using the KKB-1
antibody that recognizes the extracellular loop of SR-BI (40).
The transfection conditions used resulted in each of the four
plasmids producing essentially the same level of surface recep-
tor protein expression. Each of the four epitope-tagged recep-
tors also bound similar amounts of HDL and mediated similar
levels of selective lipid uptake, indicating that the epitope tags
did not dramatically alter receptor activity.
The co-immunoprecipitations were performed as follows

(see “Experimental Procedures” for details). Cells lysates were
precipitated with agarose beads covalently linked to anti-myc
antibody. Bead-bound proteins were eluted and analyzed by
SDS-PAGE/immunoblotting with anti-rho or anti-myc anti-
body and chemiluminescence detection (Fig. 3, upper “Co-
immunoprecipitation” panels). Quantitation of the relative
amounts of signal was determined using aKodak Image Station.
Fig. 3, upper Co-immunoprecipitation panels, show that

wild-type SR-BI-myc (lane 1), but not wild-type SR-BI-rho
(lane 2), was precipitated by the anti-myc beads from cells
transfected with the plasmids individually. The anti-myc beads
were able to co-precipitate �10% of the total wild-type SR-BI-

rho expressed in cells cotransfectedwith vectors encoding both
the myc- and rho-tagged wild type receptor (lane 3). This
confirms previous reports of SR-BI homo-oligomerization
detected by co-immunoprecipitation of co-expressed epitope-
tagged SR-BIs (28, 29). In contrast, very little rho-tagged G15L/
G18L/G25Lmutant (�0.5% of the total G15L/G18L/G25L-rho
present in the cells) co-immunoprecipitated with the co-ex-
pressed myc-tagged mutant (lane 4). There was 20-fold less
co-immunoprecipitation of the triple glycine mutant than the
wild-type receptor. Comparable results were obtained when
the amounts of the cDNA expression vectors used for transfec-
tions were reduced 10–20-fold by dilution with noncoding
“empty” vector control DNA (supplemental Fig. S2). Thus, the
homo-oligomerization of wild-type SR-BI and dramatically
reduced homo-oligomerization of the G15L/G18L/G25L mu-
tant are unlikely to be artifactual consequences of excessive
overexpression induced by transfection with undiluted vectors.
Based on the cell surface cross-linking results (Fig. 2 above) and
these co-immunoprecipitation results, we conclude that at least
10% (and probably much more (�50%)) of the wild-type SR-BI
on the surfaces of transfected cells is present as homo-oligo-
mers (possibly dimers) and that one or more of the conserved
glycines at positions 15, 18, and 25 in theN-TMdomain (Fig. 1)
play a key role in mediating oligomerization. This is probably a
consequence of these glycines stabilizing intermolecular trans-
membrane helix associations via classic glycine dimerization
motifs.

FIGURE 3. Co-immunoprecipitation of rho and myc epitope-tagged
receptors. COS cells were transiently transfected with plasmids encoding
myc- or rho-tagged wild-type SR-BI either individually or with a 1:1 mixture of
both plasmid cDNAs. Parallel transfections were performed with the vectors
encoding the two tagged G15L/G18L/G25L mutants. Recombinant protein
expression levels in detergent-solubilized whole cell lysates (Input; 10 �g of
lysate protein) were assessed by immunoblotting using KKB-1, a rabbit anti-
murine SR-BI polyclonal antibody that recognizes the extracellular loop of
SR-BI (total SR-BI) and anti-rho antibodies (SR-BI-rho) (lower Input panels). Cell
surface expression of receptors was quantified by flow cytometry of intact
cells stained with KKB-1 and secondary FITC-labeled anti-rabbit IgG antibody.
For co-immunoprecipitations, whole cell lysates were precipitated with aga-
rose beads covalently linked to anti-myc antibody. Bead-bound proteins
were eluted, size-fractionated by SDS-PAGE, and transferred to PVDF mem-
branes, and then the myc- (SR-BI-myc) and rho-tagged proteins were visual-
ized using anti-myc or anti-rho antibody and chemiluminescence detection
(upper Co-immunoprecipitation panels). Band intensities (see text) were deter-
mined using a Kodak Image Station.
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Effects of Triple G15L/G18L/G25L Substitutions on Receptor-
mediated HDL Binding and Lipid Uptake—To determine if the
triple G15L/G18L/G25L substitutions influenced receptor
activity aswell as receptor homo-oligomerization,wemeasured
in ldlA[SR-BI] and ldlA[G15L/G18L/G25L] cells at 37 °C the
lipoprotein concentration dependence of 125I-HDL binding
and uptake of [3H]CE from [3H]CE-HDL. Fig. 4 shows the
results from one of three independent experiments whose
results were concordant. The data were corrected for small dif-
ferences (�10%) in surface expression of the wild-type and
mutant receptors measured using flow cytometry and a poly-
clonal anti-SR-BI antibody. The corrections assume that the
substitutions did not alter antibody binding (see “Experimental
Procedures”). Fig. 4, A and C, show the HDL concentration
dependences of binding and uptake, respectively, whereas B
and D show the same data in the form of Scatchard plots. The
data are best fit bymodels (described inmore detail under “Dis-
cussion”) in which SR-BI exhibits either two independent
classes of binding sites (two-site model) or one class of sites
exhibiting negative cooperativity (one-site plus Hill coeffi-
cient model) (32). As reported previously (32), it is likely that
the nonlinear, concave up Scatchard plots (Fig. 4, B and D)
are due to a single class of binding sites exhibiting negative
cooperativity.
Fig. 4, A and B, show that the triple G15L/G18L/G25L sub-

stitutions did not substantially alter the concentration depend-
ence of 125I-HDL binding to SR-BI. Table 1 (top) shows the
parameters determined by least squares fitting of these 125I-
HDL binding data using either the two-site model (apparent

dissociation constants (KD1 and KD2) and apparent maximum
binding for each site (Bm1 and Bm2) or one-site plus Hill coeffi-
cient model (apparent dissociation constant (KH

D), apparent
maximum binding (BHm), and Hill coefficient). The values of
these parameters were essentially identical for the wild-type
and triple glycinemutant receptors. In two independent exper-
iments, there were no statistically significant differences in the
values for the wild-type and mutant receptors for six of these
seven parameters (the BH

m values were statistically different).
Similar results (nearly identical binding parameters for the
wild-type and mutant receptors) were observed in a prelimi-
nary experiment measuring 125I-HDL binding at 4 °C (data not
shown).
Although the triple G15L/G18L/G25L substitutions did not

appreciably affect 125I-HDL binding at 37 °C, they had a pro-
found effect on the uptake of [3H]CE from [3H]CE-HDL (Fig. 4,
C and D). The most striking difference apparent in Fig. 4C is
that the amount of lipid uptake was decreased by �50%,
whereas the shapes of the curves appear to be similar. This
impression is confirmed by the least squares analysis of the data
using the twomodels (Table 1, bottom). TheMichaelis-Menten
parameters for the lipid transfer fromHDL to the cells are Km1,
Km2, Vm1, and Vm2 for the two-site model and KH

m, VH
m, and

Hill coefficient for the one-site with Hill coefficient model. In
both models, the Vm values for G15L/G18L/G25L were about
half that of the wild-type SR-BI. The Km values were also lower
for the mutant than for the wild-type receptors. These results
are consistent with a model in which the triple G15L/G18L/
G25L substitutions do not alter HDL binding (Michaelis-Men-

FIGURE 4. Concentration dependences (A and C) and corresponding Scatchard analyses (B and D) of specific SR-BI-mediated 125I-HDL binding (A and
B) and uptake of [3H]cholesteryl ester from [3H]CE-HDL (C and D) at 37 °C. ldlA[mSR-BI] and ldlA[G15L/G18L/G25L] cells were plated on day 0 at a density
of 50,000 cells/well in 24-well dishes. On day 2, the cells were washed and incubated for 2 h at 37 °C with the indicated amounts of 125I-HDL or [3H]CE-HDL in
the absence (quadruplicate determinations) or presence (duplicate determinations) of a 40-fold excess of unlabeled HDL. 125I-HDL cell surface binding (A and
B) and cell-associated [3H]CE uptake (C and D) were determined as described under “Experimental Procedures.” Averaged nonspecific background measured
in the presence of a 40-fold excess of unlabeled HDL was subtracted from the average of quadruplicate determinations of the total values measured in the
absence of unlabeled HDL to calculate the specific values. The specific data from individual representative experiments are shown (the derived binding and
uptake parameters are presented in Table 1).
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ten rate constants k1 and k�1 unchanged) but do decrease by
about half the rate at which the receptor transfers HDL choles-
teryl ester into cells (Michaelis-Menten rate constant k2
decreased by �50%). Under these conditions, the ratio of the
Km values for the mutant (Km

m) and wild-type (Km
WT) recep-

tors ((Km
m/Km

WT) 	 (k�1 � k2m)/(k�1 � k2WT)) is expected to
be less than 1 and similar to the ratio of k2m/k2WT when k2 ��
k�1. Therefore, a reduced Km1 or KH

m in the triple mutant is
consistentwith themutations decreasing lipid uptake (k2) with-
out changing HDL binding.
SR-BI-mediated HDL Binding and Lipid Uptake Activities of

Individual GlycineMutants—To analyze the role of each of the
conserved glycines (positions 15, 18, and 25) individually on
SR-BI activity, we generated mutant cDNA expression vectors
that encode SR-BI in which glycines at these positions were
substituted individually by leucine (G15L, G18L, or G25L) and
aG18L/G25L doublemutant. These vectors, together with vec-
tors encoding wild-type SR-BI and G15L/G18L/G25L, were
expressed transiently in COS cells, and receptor activity was
assessed. We measured at 37 °C the following receptor activi-
ties at a single HDL concentration (10 �g of protein/ml) in
three to four independent experiments: (i) 125I-HDL binding
(Fig. 5A), (ii) uptake of [3H]CE from [3H]CE-HDL (Fig. 5B), and
(iii) uptake of the fluorescent lipid DiI from DiI-HDL (Fig. 5C),
which is an independent method to assess SR-BI-mediated
selective lipid uptake (1, 73).
None of themutations significantly altered 125I-HDLbinding

(Fig. 5A). The single G15L substitution did not significantly
influence [3H]CE or DiI uptake (Fig. 5,B andC). Thus, a glycine
or alanine at position 15 is not essential for normal receptor
lipid uptake activity under these conditions. In contrast, the
single G18L and G25L mutants as well as the double G18L/
G25L mutant exhibited significant (�50%) reductions in
[3H]CE and DiI uptake activities compared with wild-type
SR-BI. The uptake values for these single and double mutants
were not significantly different from those of the triple glycine
mutant (Fig. 5, B and C). We conclude, therefore, that individ-
ually both Gly18 and Gly25 play important roles in determining

the ability of SR-BI to mediate efficient lipid transport to cells
from HDL.
Testing the Generality of the Role of N-TM Domain Glycine

Dimerization Motifs with SR-BI Chimeras—Because the
sequence context in which Gly18 and Gly25 are embedded may
play a critical role in determining their influence on SR-BI
activity, we examined the sequences of N-TM domains from
other CD36 superfamily members with the goal of finding
N-TM domain sequences that might be used to replace the
endogenous N-TM domain in murine SR-BI. In particular, we
looked for sequences that contained either two glycines with
spacing identical to Gly18 and Gly25 in SR-BI (GX6G) or con-
tained no glycines or only one glycine and thus might serve as a
potential negative control.
SR-BI/Croquemort Chimera—Croquemort is a CD36 paral-

ogue fromD. melanogaster that is a receptor for apoptotic cells
(24). Fig. 6A shows the sequence alignment of the N-terminal
region of murine SR-BI (top, no shading) with that of
croquemort (middle, shaded). Boxes indicate those residues in
theN-TMdomain that are sharedwith the consensus sequence
of the N-TM domain of SR-BI (Fig. 1) and constitute the fol-
lowing motif: GX5LGX7P. The putative length of the N-TM
domain of croquemort (defined by flanking charged residues) is
3 residues shorter than that proposed for SR-BI. We generated
cDNA expression vectors encoding an N-TM SR-BI/croq chi-
mera (Fig. 6A, bottom; residues from croquemort are shaded)
without orwith aG18L/G25Ldoublemutation (SR-BI number-
ing system) and determined their activities in transiently trans-
fectedCOS cells. The activities of the SR-BI/croq chimera (125I-
HDL binding, [3H]CE-HDL uptake, and DiI-HDL uptake; Fig.
6,B–D, respectively) were not significantly different from those
of the wild-type SR-BI. Thus, the N-TM domain of D. melano-
gaster croquemort can functionally substitute for that of SR-BI.
Strikingly, the double substitution of leucines for Gly18 and
Gly25 in the chimera (SR-BI/croq-G18L/G25L) had qualita-
tively the same effect as the same double substitutions in wild-
type SR-BI (Fig. 5). Therewas no significant change in 125I-HDL
binding (Fig. 6B), but there was a substantial (�2-fold) and

TABLE 1
Effects of G15L/G18L/G25L triple substitution on specific, SR-BI-mediated 125I-HDL binding and uptake of 
3H�cholesteryl ester from 
3H�CE-HDL
at 37 °C
KD1 and KD2, apparent dissociation constants; Bm1 and Bm2, apparent maximum binding values; KH

D, apparent dissociation constant for the one class of site with negative
cooperativity model; BH

m, apparentmaximum binding value;Km1 andKm2, Michaelis constants;Vm1 andVm2, maximum lipid uptake rates;KH
m, Michaelis constant for the

one class of site with negative cooperativity model; VH
m, maximum lipid uptake rate for the one site with negative cooperativity model; Hill coef., Hill coefficient.

125I-HDL binding, 37 °C
Two-site modela One-site plus Hill coefficient modela

KD1
b KD2 Bm1 Bm2 KH

D Hill coef. BH
m

�g/ml �g/ml ng/mg cell protein ng/mg cell protein �g/ml ng/mg cell protein

SR-BI 3.8 � 1.3 59 � 15 548 � 170 1,508 � 129 21 � 2 0.80 � 0.02 1,704 � 42
G15L/G18L/G25L 3.4 � 1.4 43 � 5 414 � 164 1,450 � 143 17 � 1 0.82 � 0.03 1,523 � 36


3H�CE uptake from

3H�CE-HDL, 37 °C

Two-site modela One-site plus Hill coefficient modela

Km1
b Km2 Vm1 Vm2 KH

m Hill coef. VH
m

�g/ml �g/ml ng/mg cell protein ng/mg cell protein �g/ml ng/mg cell protein

SR-BI 3.3 � 0.5 71 � 13 5,326 � 586 12,543 � 385 45 � 6 0.65 � 0.02 19,824 � 722
G15L/G18L/G25L 1.9 � 0.2 51 � 8 3,079 � 227 5,722 � 153 26 � 3 0.61 � 0.02 9,762 � 303

a Binding and uptake parameters were obtained by fitting the data with either a two-site binding model or one-site binding model with Hill slope (negative cooperativity).
The parameters � S.E. were determined from one representative experiment in which each experimental value was the average of four determinations (see “Experimental
Procedures”).

b For experiments performed at 37 °C the binding values represent apparent dissociation constants and maximal binding as the measurements were not made under equilib-
rium conditions.
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statistically significant decrease in [3H]CE andDiI uptake activ-
ities (Fig. 6,C andD).We also explored the potential function of
the conserved proline (Pro33) in SR-BI and croquemort
sequences. Substitution of alanine for proline at position 33 of
wild-type SR-BI resulted in small, insignificant reductions in
125I-HDL binding (89% of wild type) and in uptake of [3H]CE
from [3H]CE-HDL (92% of wild type). Taken together, these
results provide additional support for the necessary roles of
Gly18 and Gly25, but not Pro33, in maintaining normal levels of
lipid uptake activity mediated by SR-BI.
SR-BI/LIMP II Chimera—The N-TM domain of murine

LIMP II, another member of the CD36 superfamily (23), has a
short N-TM domain (�21–23 residues). This domain contains

only a single glycine residue that does not align with Gly18 or
Gly25 of the SR-BI consensus without introducing arbitrary
gaps (Fig. 7A; LIMP II sequence is shaded). There is a double
leucine in the N-TM of LIMP II that can align with a double
leucine in the SR-BI consensus sequence (Fig. 7A, boxed
residues).
We constructed a cDNA vector encoding an SR-BI/LIMP

N-TM chimera in which 7 residues from the N-TM domain of
murine SR-BI (LMVPSLI) were added so that the length of the
chimeric protein would be the same as that of the wild-type
SR-BI (Fig. 7A, bottom; LIMP II sequence is shaded). When
transiently expressed in COS cells, the SR-BI/LIMP chimera

FIGURE 5. Effects of individual Gly to Leu substitutions on SR-BI-medi-
ated 125I-HDL binding and lipid uptake activities. COS cells were tran-
siently transfected with cDNA expression vectors encoding wild-type SR-BI
with single substitutions (G15L, G18L, and G25L) or with the double substitu-
tion (G18L/G25L) and triple substitution (G15L/G18L/G25L). Receptor activi-
ties for 125I-HDL binding (A), uptake of [3H]CE from [3H]CE-HDL (B), and uptake
of the fluorescent lipid DiI from DiI-HDL (C) were measured at 37 °C at a single
HDL concentration (10 �g of protein/ml). The data represent mean � S.D.
from three to four independent experiments normalized to 100% for wild-
type SR-BI. Statistical analyses comparing wild-type SR-BI and the individual
mutants were performed using the unpaired two-tailed t test at 95% confi-
dence intervals (*, p � 0.01; **, p � 0.001). Values marked by * or ** were not
significantly different from each other but were each significantly different
from those for SR-BI and the G15L variant based on multiple comparisons
using one-way analysis of variance with Tukey post testing. The 100% control
values were as follows: 125I-HDL binding, 519 � 100 ng of HDL protein/mg of
cell protein; uptake of [3H]CE, 5380 � 1054 ng of HDL protein equivalents/mg
of cell protein; and uptake of DiI, 358 � 18 relative fluorescence units.

FIGURE 6. Effects of replacing N-TM domain of SR-BI with that from native
and mutated croquemort on receptor-mediated 125I-HDL binding and
lipid uptake activities. A, sequences of the N-cyto, N-TM, and part of the
extracellular (exo) domains of murine SR-BI (top), croquemort (middle;
shaded), and an SR-BI/croq chimera (bottom; croquemort sequence is shaded)
were aligned manually. Residues shared with the SR-BI consensus sequence
are boxed. The putative length of the N-TM domain of croquemort (defined by
flanking charged groups) is 3 residues shorter than that proposed for SR-BI.
B–D, COS cells were transiently transfected with cDNA expression vectors
encoding wild-type SR-BI and the chimeras SR-BI/croq and SR-BI/croq-G18L/
G25L in which the glycines at positions 18 and 25 (SR-BI numbering system)
were replaced with leucines. Receptor activities for 125I-HDL binding (B),
uptake of [3H]CE from [3H]CE-HDL (C), and uptake of the fluorescent lipid DiI
from DiI-HDL (D) were measured at 37 °C at a single HDL concentration (10 �g
of protein/ml). The data represent mean � S.D. from three to four indepen-
dent experiments normalized to 100% for wild-type SR-BI. Statistical analyses
comparing wild-type SR-BI and the individual mutants were performed using
the unpaired two-tailed t test at 95% confidence intervals (**, p � 0.001).
Values marked by ** were significantly different from those for SR-BI and the
SR-BI/croq based on multiple comparisons using one-way analysis of vari-
ance with Tukey post-testing. The 100% control values were as follows: 125I-
HDL binding, 542 � 90 ng of HDL protein/mg of cell protein; uptake of [3H]CE,
5566 � 1063 ng of HDL protein equivalents/mg of cell protein; and uptake of
DiI, 288 � 15 relative fluorescence units.
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exhibited 125I-HDL binding not statistically different from
SR-BI (Fig. 7B); however, it exhibited substantially (�2-fold)
and significantly lower [3H]CE and DiI uptake activities (Fig. 7,
C andD; horizontal lines at the top of the panels indicate signif-
icant differences based on Tukey’s multiple comparison test).
The N-TM domain of LIMP II could not fully functionally sub-
stitute for that of SR-BI. The activity of the SR-BI/LIMP chi-
mera was reminiscent of that of SR-BI with single or multiple
Gly18/Gly25 to leucine substitutions (Fig. 5, B and C). We then
asked if normal lipid uptake activity could be conferred on the

SR-BI/LIMP chimera by substituting a glycine for either the
leucine at position 18 (L18G; SR-BI numbering), the threonine
at position 25 (T25G), or both (L18G/T25G). Fig. 7C shows that
the single substitution L18G or T25G into SR-BI/LIMP did not
increase its relatively low [3H]CE uptake activity from [3H]CE-
HDL. In contrast, the [3H]CE uptake activity of the SR-BI/
LIMP-L18G/T25G double mutant chimera was significantly
greater than that of the unmodified SR-BI/LIMP chimera and
was not statistically different from wild-type SR-BI based on
Tukey’s multiple comparison test. (The activities of wild-type
SR-BI and SR-BI/LIMP-L18G/T25G were significantly differ-
ent when they were compared independently of the other
mutants by t test.) Similar results were obtained for the DiI
uptake assay (Fig. 7D). Thus, introduction of the GX6G motif,
but notGly18 orGly25 individually, into theN-TMof the SR-BI/
LIMP chimera increased lipid transport activity.
These data suggested that the GX6G motif alone was not

sufficient to confer activity identical to that of wild-type SR-BI.
We noted that in the sequences of the N-TM domains of
murine SR-BI (Fig. 7A, top, and the consensus SR-BI sequence
in Fig. 1) and of SR-BI/croq (Fig. 6A, bottom), both of which
exhibit full lipid uptake activity, theGly25 is preceded by leucine
(Leu24). Interestingly, statistical analysis of amino acid patterns
in transmembrane helices by Senes et al. (67) showed that the
GxxxG motif was frequently found in association with large
aliphatic residues (Ile, Val, and Leu) at neighboring positions.
Therefore, we generated a cDNA vector encoding a triple
mutant of the SR-BI/LIMP chimera, SR-BI/LIMP-L18G/
T25G/V24L. Fig. 7 shows that the 125I-HDL binding activity of
this receptor was not significantly different from those of wild-
type SR-BI or the other SR-BI/LIMP chimeras (B) and that the
[3H]CE (C) and DiI (D) uptake activities of the SR-BI/LIMP-
L18G/T25G/V24L chimera were virtually identical to those of
wild-type SR-BI (C and D). Thus, it appears that the sequence
context of the GX6G motif (i.e. GX5LG) in the N-TM domain
can influence significantly the lipid uptake activity of the chi-
meric receptor.
To determine if the lipid uptake activities of wild-type SR-BI

and the SR-BI/LIMP chimeras were correlated with the oligo-
merization state of the receptors, we treated transiently
transfected COS cells expressing these receptors, all having
C-terminal rho epitope tags, with the membrane-impermeable
cross-linker BS3 (1 mM) and assayed for cross-linking using
SDS-PAGE and immunoblotting with an anti-rho antibody as
described above. Fig. 8 shows that the extent of cross-linking
(intensity of oligomer bands) varied with the following rank
order: wild-type SR-BI � SR-BI/LIMP-L18G/T25G/V24L (65
and 75% cross-linking, respectively) � SR-BI/LIMP-L18G/
T25G (�50% cross-linking) �� SR-BI/LIMP and SR-BI[G15L/
G18L/G25L] (�3% cross-linking). Indeed, the rank order of
receptor activities (Fig. 7)matched that of their susceptibility to
cross-linking, suggesting that receptor oligomerization may
directly influence receptor activity.

DISCUSSION

In the current study, we identified a conserved glycine
dimerization motif, G18X3AX2G25, in the N-TM domain of
SR-BI that plays a major role in mediating receptor homo-oli-

FIGURE 7. Effects of replacing N-TM domain of SR-BI with that from native
and mutated LIMP II on receptor-mediated 125I-HDL binding and lipid
uptake activities. A, sequences of the N-cyto, N-TM, and part of the extracel-
lular (exo) domains of murine SR-BI (top), murine LIMP II (middle; shaded), and
an SR-BI/LIMP chimera (bottom; LIMP II sequence is shaded) were aligned
manually. Residues shared with the SR-BI consensus sequence are boxed.
Because the putative length of the N-TM domain of LIMP II (defined by flank-
ing charged residues) is 7 residues shorter than that proposed for SR-BI, 7
residues of the N-TM of SR-BI (LMVPSLI) were incorporated into the N-TM
domain of the chimera. B–D, COS cells were transiently transfected with cDNA
expression vectors encoding wild-type SR-BI and the chimeras SR-BI/LIMP
and SR-BI/LIMP in which the following substitutions, singly or combined as
indicated, were made: L18G, T25G, and V24L (SR-BI numbering system).
Receptor activities for 125I-HDL binding (B), uptake of [3H]CE from [3H]CE-HDL
(C), and uptake of the fluorescent lipid DiI from DiI-HDL (D) were measured at
37 °C at a single HDL concentration (10 �g of protein/ml). The data represent
mean � S.D. from three to four independent experiments normalized to
100% for wild-type SR-BI. Statistical analyses comparing wild-type SR-BI and
the individual mutants were performed using the unpaired two-tailed t test at
95% confidence intervals (*, p � 0.01; **, p � 0.001). Pairs of values that were
significantly different based on multiple comparisons using one-way analysis
of variance with Tukey post-testing are designated by the horizontal lines at
the top of C and D. The 100% control values were as follows: 125I-HDL binding,
510 � 66 ng of HDL protein/mg of cell protein; uptake of [3H]CE, 5047 � 360
ng of HDL protein equivalents/mg of cell protein; and uptake of DiI, 326 � 21
relative fluorescence units.
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gomerization. The N-TMdomain of SR-BI might contribute to
homo-oligomerization by interacting directly with the N-TM
domains on other SR-BI molecules (intermolecular contacts),
with its C-TM domain (intra- or intermolecular interactions),
or with both. Future studies will be required to determine the
precisemechanism of oligomerization and the stoichiometry of
SR-BI oligomers (dimers or higher order oligomers).
We studied a variety of SR-BImutants (single ormultiple Gly

to Leu substitutions in the dimerization motif) and SR-BI
N-TM chimeras in which the N-TM domain of SR-BI was
replaced by wild-type and mutated N-TM domains from other
CD36 superfamily members. Strikingly, the glycine dimeriza-
tion motif-defective SR-BI mutants and chimeras exhibited
HDL binding activities that were virtually indistinguishable
from that of wild-type SR-BI. (Cell surface receptor expression
was determined by flow cytometry using a polyclonal anti-
SR-BI antibodywhose affinities forwild-type and variant recep-
tors was assumed to be equal (see “Experimental Procedures”).)
For example, in a G15L/G18L/G25L triple mutant of SR-BI,
oligomerization was almost completely disrupted, yet the affin-
ity of HDL binding and its characteristic negative cooperativity
were identical to those of wild-type SR-BI. Although disruption
of the dimerization motif was not associated with changes in
HDL binding, it did significantly reduce the lipid uptake rate by
�50%. The rates of lipid uptake mediated by wild-type SR-BI
and various SR-BI N-TM chimeras with and without dimeriza-
tionmotifs were directly proportional to the extents of receptor
oligomerization.
The detailed mechanism by which SR-BI mediates cellular

uptake of cholesteryl esters from HDL remains to be estab-
lished. There may be direct participation of the N-TM domain
in themovement of lipids fromHDL into the cells. Thus, Gly3
Leu mutations in this domain might reduce the rate of lipid

transport by directly interfering with lipid movements. Alter-
natively, the principal effect of the N-TM domain glycines on
lipid transport rates may be their direct participation in oligo-
merization rather than their direct involvement in the trans-
port process. Indeed, the correlation of the extent of SR-BI oli-
gomerization and lipid uptake rate is consistent with this
possibility.
HDL binding to wild-type SR-BI in cultured cells is complex,

exhibiting negative cooperativity (32). Two general mecha-
nisms might account for this negative cooperativity: classic
allostery or a lattice (ensemble) effect. Classic homotropic
allostery (74–78), or cooperativity, occurs when initial ligand
binding to one site induces changes in the structure of a protein
that alters the binding properties of an identical ligand at
another site(s). Typically, such receptors when bound to
ligands are multimeric, and the binding sites can be identical in
the absence of bound ligand (34, 77–80). If the allosteric
changes lower the affinity of the unoccupied binding site(s),
negative cooperativity ensues. In contrast, the lattice model of
negative cooperativity does not depend on ligand-induced
receptor conformational changes. Instead, if identical binding
site are near one another in a “lattice,” either as adjacentmono-
mers or oligomers, the initial binding of a relatively large ligand
to one site could, without altering the structure or intrinsic
binding properties of neighboring sites, sterically interfere with
the access of a second ligand to one of the neighboring binding
sites (81–84). This initial binding effectively increases theKD of
the neighboring unbound sites, resulting in negative coopera-
tivity (85–87). SR-BI forms clusters on the surfaces of
ldlA[mSR-BI] and other cells (70, 88), and it forms oligomers
(Refs. 26–31 and this study). Thus, its lipoprotein binding sites
can be in the close apposition required for lattice-based nega-
tive cooperativity. Because N-TM mutations that dramatically
reduced homo-oligomerization had virtually no influence on
the concentration dependence ofHDLbinding, classic allostery
depending on conformational changes in oligomeric receptors
seems unlikely to be responsible for the observed negative
cooperativity. We cannot formally rule out the possibility that
ligand-induced allosteric changes within independent mono-
mers, each having multiple equivalent, allosterically coupled
binding sites, is the source of the negative cooperativity of HDL
binding, although this does not seem likely. Rather, we con-
clude that a lattice effect appears to be the most attractive
model to explain the negative cooperativity of HDL binding to
SR-BI.
In conclusion, our data show that theN-TMdomain of SR-BI

is not simply a lipid anchor for the receptor but rather plays an
important role in SR-BI homo-oligomerization and lipid
uptake. Future experiments will be required to elucidate the
precise mechanism by which the glycine dimerization motif in
the N-TMof SR-BI influences the rate of lipid transfer and how
receptor oligomerization influences this process.

Acknowledgments—We thank Elina Godes for assistance with the
illustrations and Thomas Nieland for helpful discussions and
suggestions.

FIGURE 8. Effects of replacing N-TM domain of SR-BI with that from native
and mutated LIMP II on cross-linking of cell surface receptors. COS cells
were transiently transfected with a 10:1 mixture of empty vector plasmid and
a vector encoding one of the following rho-tagged receptors: wild-type SR-BI,
the G15L/G18L/G25L triple SR-BI mutant, and the chimeras SR-BI/LIMP and
SR-BI/LIMP with the double L18G/T25G or triple L18G/T25G/V24L substitu-
tions (SR-BI numbering system). Cells were treated for 60 min at 4 °C with 0 or
1 mM BS3 cross-linker. The cells were then lysed, and the lysates were sub-
jected to SDS-PAGE and immunoblotting with the anti-rho mouse monoclo-
nal antibody 1D4 as described under “Experimental Procedures.” The inten-
sities of the bands corresponding to the monomeric (�82-kDa) and
oligomeric (�150-kDa) species (see text) were determined using a Kodak
Image Station.
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